ABSTRACT
INTRODUCTION
Sustainable management of the accumulating inventory of spent nuclear fuel and nuclear wastes in North America is imperative for the continued use of nuclear power. In the reprocessing of spent nuclear fuel with aqueous-based and electrochemical methods, 1 a series of waste streams are produced, and the radionuclides extracted in these waste streams need to be managed. A radionuclide of specific interest is 99 Tc, a long-lived β-emitter (half life: 211,000 years), which can attain high environmental mobility in its oxidized anionic form, pertechnetate (TcO 4 -). 2 The
99
Tc would ideally be contained within a stable matrix to allow its long-term disposal in a geological repository. Two categories of waste forms have been investigated for the immobilization of 99 Tc: -waste forms that solidify multiple components of a waste stream, such as borosilicate glass and grouts -waste forms specifically designed for 99 Tc, such as Fe-Tc oxides and stainless steel advanced metal waste-form (AMWF) alloys 3 Stainless steel AMWF have been under development for more than a decade, 4 yet their corrosion behavior has only recently been investigated. [5] [6] The AMWF have complex, multi-phase microstructures, which influence the overall corrosion behavior over a wide pH range. 5 The contributions to the corrosion behavior by the individual phases must be understood, and is being investigated using a combination of bulk and microscale electrochemical analyses. The AMWF studied contained Re as a non-radioactive surrogate for 99 Tc. , were provided by Savannah River National Laboratory and fabricated as previously reported. 8 Grade AISI (1) Type 316L (UNS S31603) (2) stainless steel (SS) coupons of 6 mm diameter were used. All samples were mounted in a non-conductive lacquer to expose a single face of the sample, with a steel rod used for connection to electrical circuitry. Samples were ground wet with 320, 600, 800, 1000, 1200 grit silicon carbide (SiC) paper successively, followed by polishing with 1, 0.3, and 0.05 µm alumina (Al 2 O 3 ) suspensions. The samples were then washed with Type I water, rinsed with reagent-grade methanol (CH 3 OH), and dried in a stream of high-purity Ar. The compositions of the materials are listed in Table 1 .
A wide pH range was investigated in a series of experiments in solutions with and without chloride: 0.1 mM sodium hydroxide (NaOH), 200 mM sodium tetraborate decahydrate (Na 2 B 4 O 7 )/boric acid (HBO 3 ) (volume ratio: 1:1), 0.1 mM sulfuric acid (H 2 SO 4 ). Each solution was prepared using Type I water and reagent-grade sodium chloride (NaCl, 99.0% assay), sodium hydroxide (NaOH), Na 2 B 4 O 7 ⋅10H 2 O (99.5% assay), HBO 3 (99.0%), and H 2 SO 4 (18.4 M).
Potentiodynamic polarization measurements (PDP) were performed in a three-electrode cell with a Pt wire counter electrode and a saturated calomel (SCE) reference electrode. The samples were allowed to establish a stable corrosion potential (E CORR ) (~2 h) before a cathodic clean was performed at -300 mV E CORR for 2 min, and then -150 mV E CORR for an additional 2 min before beginning the scan. Microelectrochemical cell (MEC) measurements were performed in a small glass capillary (inside diameter 50 µm), with a silicone rubber seal at the tip. A Pt wire served as a counter electrode and a micro-silver/silver chloride (Ag/AgCl, 3M) reference electrode was used. Scanning electrochemical microscopy (SECM) was performed using a HEKA EIPro-Scan 1 † system by positioning a 25 µm Pt microelectrode (ME) over the AMWF surface immersed in 1 mM ferrocenemethanol (FcMeOH) solution. Scanning electron microscopy (SEM) and energydispersive x-ray spectroscopy (XEDS) were performed on a LEO 440 † SEM.
RESULTS AND DISCUSSION
The diverse composition of the RAW-1(Re) microstructure can be seen in the SEM image and XEDS maps in Figure 1 .
The multiple phases contained within RAW-1(Re) are clearly visible from the maps. The stainless steel matrix phase contains Fe, Cr, Mo, and is the host phase for the non-radioactive surrogate, Re. Additional phases are present, including Fe-rich (black), Zr-rich (light gray), and noble metal containing (white) phases as seen in the SEM image. The composition and structure of these phases have been reported from transmission electron microscopy (TEM) analyses. 9 Previous studies on AMWF alloys suggest distinct contributions from the different phases at the various pH levels. 5 In PDP scans in 0.1 mM H 2 SO 4 , Figure  2 (a), different currents were observed between Type 316L SS and RAW-1(Re) with the Type 316L SS producing lower currents. This can be attributed to the Ni-containing phases in the RAW-1(Re). 11 In Figure  2 (b), the PDP scans in a 200 mM borate buffer show a similar response for the two materials, albeit with 
FIGURE 1. SEM image and corresponding XEDS maps of RAW-1(Re).
higher currents again observed on RAW-1(Re). Since the solution was slightly alkaline (8.6), the Zr-containing phases of RAW-1(Re) may produce the higher currents. In alkaline conditions, 0.1 mM NaOH (pH = 10), the RAW-1(Re) and steel differ in the PDP responses ( Figure 2[c] ). RAW-1(Re) produces an apparent passive region between 0.3 V and 0.6 V before the rapid onset of current production as the passive layer is breached >0.6 V. However, the currents are higher than those for SS across the whole potential range, indicating the higher currents originate from phases other than the matrix on RAW-1(Re). Isolation of different regions on the AMWF surface was achieved using the MEC technique originally developed by Suter and Böhni.
12 Figure 3(a) shows an SEM image of the RAW-1(Re) surface with the different phases labeled on the surface. PDP scans at the color-coded locations were performed using the MEC in 0.1 mM NaOH as shown in Figure 3(b) . Low currents are seen on the matrix phase, indicating its passivity in the alkaline media. However, on the Fe-rich phase, a sharp increase in current was observed for a potential >300 mV. This is likely a result of the microgalvanic coupling of the Fe-rich phase to a second phase, lowering its corrosion resistance and accelerating its dissolution.
The interactions between individual phases may be the most important factor determining the longterm corrosion behavior of the AMWF alloys. SECM, an in situ scanning probe technique, allows the monitoring of surface processes with high spatial resolution. Changes in surface behavior of the RAW-1(Re) sample in 0.1 mM H 2 SO 4 are shown in Figure 4 . The RAW-1(Re) surface is mapped prior to immersion with SEM and an area of interest (AOI) is selected ( Figure  4[a] ). The AOI contains a large matrix phase in the center, and other constituent phases are observed within the AOI. The sample was then exposed to a solution containing 0.1 mM H 2 SO 4 and 1 mM FcMeOH. The FcMeOH serves as a redox mediator and is oxidized to FcMeOH + at the Pt ME tip (polarized to 400 mV). If the ME is over an active (anodic) site on the surface, the FcMeOH + will be reduced back to FcMeOH, whose reoxidation at the ME will generate a positive feedback current at the ME tip. However, if the ME is over a less active (or more cathodically reactive) site, the FcMeOH will not be regenerated at the ME tip, and a lower tip current will be measured. Upon initial immersion, Figure 4 (b), high currents are seen across the RAW-1(Re) surface, and it can be considered more active. However, at 4 h immersion, Figure 4(c) , lower tip currents were measured above the AOI, and the surface is passivating. At 8 h, Figure  4 (d), the matrix phase begins to once again become active with higher tip currents measured, and at 24 h immersion, Figure 4 (e), the surface is again active. These SECM results are preliminary in nature, and a further study into this complex behavior is ongoing.
CONCLUSIONS
v An experimental approach to investigating the corrosion of the AMWF alloy RAW-1(Re) has been developed. With its complex, multi-phase microstructure, understanding and discerning the contributions, behaviors, and interactions of the different phases during aqueous exposure requires a multi-faceted approach. The contribution of the steel matrix phase was investigated through comparison of the PDP behavior of RAW-1(Re) with Type 316L SS. MEC allowed the behavior of individual phases to be isolated. While the preliminary results are ambiguous, SECM has the potential to provide in situ observation of the progression of corrosion on the RAW-1(Re). This multi-faceted approach will be applied to the investigation of future generations of AMWF alloys for the immobilization of 99 Tc.
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